Tau deposits have distinct biochemical characteristics and vary morphologically based on identification with tau antibodies and several chemical dyes. Here, we report 4′,6-diamidino-2-phenylindole (DAPI)-positivity of tau deposits. Furthermore, we investigated the cause for this positivity. DAPI was positive in 3R/4R (3-repeat/4-repeat) tau deposits in Alzheimer's disease, myotonic dystrophy, and neurodegeneration with brain iron accumulation, and in 4R tau deposits in corticobasal degeneration, but negative in 4R tau deposits in frontotemporal dementia with parkinsonism-17 and progressive supranuclear palsy. The peak emission wavelength of DAPI after binding to a tau deposit was similar to that after binding to a nucleus. This DAPI-positivity was conspicuous at the optimum concentration of 2 μg/ml. DAPI-positivity was diminished after formic acid treatment, but preserved after nucleic acid elimination and phosphate moiety blocking. Our results suggest that staining with 2 μg/ml DAPI is a common but useful tool to differentially detect tau deposits in various tauopathies. (J Histochem Cytochem 66:737-751, 2018) 
Introduction
Tauopathies are a class of neurodegenerative disorders characterized pathologically by the presence of abnormally aggregated tau proteins in neuronal or glial cells. 1 Such processes accompanied by altered proportions of tau isoforms 2 cause morphological changes in tau deposits as indicated by flame-shaped tau deposits consisting of 3R/4R (3-repeat/4-repeat) tau isoforms in Alzheimer's disease (AD), and globoseshaped tau deposits consisting of 4R tau isoforms in progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and frontotemporal dementia (FTD). 3 A common feature of both morphologies is positivity for Gallyas silver stain. [4] [5] [6] [7] [8] [9] In comparison, Pick bodies as typical 3R tau isoform tau deposits have been reported to be unstainable by Gallyas silver stain, although present with globose-shaped morphology. 10 In addition, electron microscopy can be used to distinguish flame-and globose-shaped tau deposits [11] [12] [13] based on their composition of paired helical filaments and straight filaments. 11, 14, 15 Because tau deposits show such complicated characteristics, it is necessary to develop a simple staining method for identifying the distinct array of tau deposits.
The DNA-binding reagent, 4′,6-diamidino-2-phenylindole (DAPI), is a common nuclear dye 16 with diverse binding sites such as adenine-thymine base pairs in 793600J HCXXX10.1369/0022155418793600DAPI-positivity of Tau DepositsLi et al.
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nucleic acids, 17, 18 polyphosphate moieties, [19] [20] [21] and tubulin. 22 Such binding increases the fluorescence intensity or the peak shift of fluorescence.
In this study, we first investigated the DAPI-positivity of tau deposits characterized by tau isoform-specific antibodies and a modified Gallyas silver stain. We then examined the concentration dependence of DAPI to determine the optimal concentration. DAPI-positivity of tau deposits was also examined after formic acid pretreatment, nucleic acid elimination, and phosphate moiety blocking.
Materials and Methods

Subjects
Brain tissue specimens were obtained from five cases of AD, a case of myotonic dystrophy (MyD), neurodegeneration with brain iron accumulation (NBIA) and frontotemporal dementia with parkinsonism-17 (FTDP-17), two cases of PSP, and one case of CBD. Our use of human materials abided by the ethical guidelines of the Hiroshima University Graduate School of Biomedical and Health Sciences. The clinical profiles, Aβ phase, Braak neurofibrillary tangle (NFT) stages, Consortium to Establish a Registry for Alzheimer's Disease (CERAD), and AD neuropathological changes of all cases are listed in Table 1 .
Brain Section Preparation
Autopsies were performed within 24 hr of death, and brain tissue specimens were fixed in 10% (v/v) formalin for 3 weeks and embedded in paraffin blocks. The paraffin blocks were cut into 7-µm thick sections for subsequent procedures. Previous studies have shown significant reduction in autofluorescence in paraffinfixed sections by UV treatment for 48 hr. Therefore, the autofluorescence of lipofuscin in brain sections was reduced through photobleaching by a UV polymerizer (TUV-200, Dosaka EM Co., Kyoto, Japan) with a long wavelength UV lamp (360 nm, 2 × 8 W) for 48 hr before immunohistochemical staining procedures unless otherwise indicated. [23] [24] [25] We used a 10× wide field microscope eyepiece and a Zeiss LD A-Plan 63×/1.40 oil immersion objective lens to obtain a 630× magnification. The autofluorescence of lipofuscin was detected by the excitation wavelengths, 405, 488, and 561 nm, with filters for DAPI, FITC, and Cy3, respectively. Paraffin sections were deparaffinized, boiled for 10 min in distilled water in a microwave for antigen retrieval, and then washed with phosphate-buffered saline (PBS) three times for 3 min each time after cooling down to room temperature (RT). After blocking in normal goat serum for 1 hr at RT, sections were incubated with primary antibody overnight at 4C. The primary antibodies are listed in Table 2 . The sections were then washed with PBS and incubated with the secondary antibody, Alexa 568-conjugated goat antirabbit IgG or Alexa 568-conjugated goat antimouse IgG (Thermo Fisher Scientific, Eugene, OR), for 2 hr at RT. Subsequently, sections were incubated in 0.0125% thioflavin-S (ThS) solution (Sigma-Aldrich, St. Louis, MO) for 10 min and dipped in 50% alcohol for 4 min for color differentiation. ThS was excited at 405 nm, and emissions were collected in the 505 to 530 nm range. To assess DAPI-positivity, we stained brain sections with 2 μg/ml DAPI solution (Thermo Fisher Scientific) at RT for 30 min before excitation at 405 nm, and then the emissions were collected in the 420 to 480 nm range. All labeled sections were analyzed with an LSM510 confocal laser scanning microscope (Carl Zeiss AG, Oberkochen, Germany).
Silver Staining Techniques of Globose-shaped Tau Deposits
Brain sections obtained from PSP and CBD were stained using a modified Gallyas stain and DAPI. Because silver staining affects the imaging of DAPI fluorescence, stainings were performed on serial sections. The detailed silver staining method is as follows. 26, 27 Deparaffinized brain sections were incubated in 0.25% potassium permanganate solution until they darkened, then de-colored in 2% oxalic acid solution for 3 min, and then incubated in 0.4% lanthanum nitrate solution for 30 min. After washing with distilled H 2 O (dH 2 O), sections were incubated in alkali silver iodide solution (0.035% silver nitrate, 10% potassium iodide, 4% sodium hydroxide, pH 13.7) for 2 min, washed with 0.5% acetic acid for 3 min, and developed in a physical developer solution (1 mg/ml silver nitrate, 1 mg/ml ammonium nitrate, 5 mg/ml tungstosilicic acid, 0.09% formaldehyde, and 25 mg/ml anhydrous sodium carbonate) until the sections' appearance turned brown. The stained brain sections were then incubated sequentially with 0.5% acetic acid, 1% gold chloride and 1% sodium thiosulfate, and then stained with eosin.
Spectral Pattern of DAPI in Tau Deposits and Nuclei
To investigate the DAPI spectral pattern, the fluorescence spectra of a tau deposit and/or a nucleus was recorded using a Lambda stack program by scanning twelve 5-nm wavebands from 400 to 565 nm and twelve 5-nm wavebands from 400 to 555 nm using confocal laser microscopy (Olympus; FV1000-D). In addition, we stained brain sections with ThS without DAPI and tried to obtain an emission spectra of ThS using the laser for illumination of DAPI (excitation 405 nm, emission 420-480 nm) within a tau deposit identified at excitation wavelength (405 nm) and emission wavelength (505-530 nm), showing that the DAPI images were not simply a bleed-through of ThS.
Examination of the DAPI Concentration Dependence
Serial dilutions of DAPI (1, 2, 6, 12, 24, and 30 μg/ml) were prepared to examine the concentration-dependent specificity of tau deposits. The fluorescence intensity of DAPI at each focused laser spot was obtained under laser exposure for 1.2 sec with a fluorescence microscope (BZ-9000, Keyence, Osaka, Japan). The laser for illumination was equipped with a DAPI-BP filter (excitation 360/40 nm, emission 460/50 nm) and a GFP-BP filter (excitation 470/40 nm, emission 535/50 nm). ThS staining was used to identify the tau deposits, and the DAPI and ThS colocalization was assessed by correlation analysis.
Formic Acid Pretreatment
According to previous reports, 28 the conversion of α-helix to β-sheet requires dissociation and reformation of hydrogen bonds, which can be achieved by simple organic acid treatment, of which formic acid is the most common. Maintaining formic acid at a high concentration and a low temperature is required for this effect, as a low concentration and higher temperature can reverse this effect. To assess the effect of formic acid on the DAPI staining of tau deposits, deparaffinized sections were incubated with or without 98% formic acid solution (Wako Pure Chemical, Osaka, Japan) at RT for 3 min. 29, 30 After rinsing with PBS, the sections were blocked with normal goat serum, and then stained with 2 μg/ml DAPI.
Colocalization Analysis
Images were analyzed for colocalization as previously described. [31] [32] [33] [34] Briefly, regions of interest corresponding 
Proteinase K Pretreatment
The brain sections were pretreated with or without a proteinase K solution 35 (20 μg/ml proteinase K, 48.75 mM Tris base, 0.98 mM EDTA, 4.88 mM CaCl 2 , 0.49% Triton X-100, and 2.5% glycerol) for 10 min at 37°C before double staining with a phospho-tau (Ser202, Thr205) monoclonal antibody (AT8) and DAPI.
Elimination of Nucleic Acids
To investigate the nuclease effect, the deparaffinized sections were incubated in RNase-free DNase I solution (400 U/ml, Sigma-Aldrich), DNase-free RNase A solution (200 μg/ml, Sigma-Aldrich), or a combination of DNase I and RNase A for 3.5 hr, 36 and the efficacy of nucleic acid elimination was validated by staining with 2 μg/ml DAPI and 10 μg/ml ethidium bromide (EtBr; Nippon Gene, Tokyo, Japan). Briefly, after nuclease pretreatment, the brain sections were incubated with 10 mg/ml EtBr in Tris-acetate-EDTA (TAE) buffer (a mixture of 40 mM Tris-HCl, 20 mM acetic acid, and 1 mM EDTA) at RT for 10 min, and then washed with PBS. Subsequently, all sections were incubated with DAPI at RT for 30 min and the nuclease efficacy was validated by examining the loss of nucleolus and nucleoplasm.
To investigate Nissl structures after nuclease pretreatment, the brain sections were incubated in 100% alcohol twice for 3 min each time, and then incubated in 0.1% cresyl violet solution (Chroma, 1A 396) at 37C for 15 min. Subsequently, the stained sections were quickly rinsed with tap water to remove excess stain, and then sequentially placed in 70% and 95% alcohol. Finally, acetic acid was added to the sections to differentiate colors between Nissl structures and other intracellular components.
To investigate the DAPI-positivity of tau deposits, the brain sections were pretreated with nuclease and double-stained with ThS and DAPI. ThS was used to identify tau deposits. In addition, to discriminate the fluorescence of DAPI from that of ThS, brain sections pretreated with nuclease were stained with DAPI alone. Furthermore, because of the possibility of ThS fluorophore bleed-through, and the subsequent false positivity of DAPI in tau deposits, we stained brain sections with DAPI alone.
Blocking Free Phosphate With Phos-tag
Blocking free-phosphate was performed using Phos-tag biotin BTL-111, which shows superior performance among Phos-tag systems in western blotting with enhanced chemiluminescence systems. 37, 38 Paraffin sections were deparaffinized, boiled for 10 min in distilled water in a microwave for antigen retrieval. After cooling, sections were washed with Tris-buffered saline (TBS) three times for 5 min each time. Then, the sections were incubated, without skim milk blocking, with 1 mM Phostag complex solution for 2 hr at RT. The sections were then washed with TBS three times for 5 min each and incubated with Tyramide Signal Amplification (TSA, Alexa Fluor 568 Tyramide, Thermo Fisher Scientific) to fluorescently label the HRP terminal of the Phos-tag complex for observation under a fluorescence microscope.
Results
DAPI Staining of Tau Deposits Depends on the Tau Isoform Composition
We used DAPI to stain brain sections from AD, MyD, and NBIA cases, harboring 3R/4R tau isoforms (exhibiting flame-shaped tau deposits), and from FTDP-17, PSP, and CBD, harboring 4R tau isoforms (exhibiting globose-shaped tau deposits). DAPI was positive in all flame-shaped tau deposits from AD ( Fig. 1A and B) , MyD ( Fig. 1C and D) , and NBIA ( Fig. 1E and F) . DAPI was also positive in globose-shaped tau deposits from CBD (Fig. 1G ), but negative in globose-shaped deposits from FTDP-17 ( Fig. 1H) and PSP (Fig. 1I) .
Because globose-shaped tau deposits showed diverse silver staining patterns, 39 we selectively characterized tau deposits from AD and PSP/CBD by modified Gallyas silver staining. All morphological types of tau deposits, including globose-shaped tau deposits, dystrophic neurites, neuropil threads, tufted astrocytes, thorny astrocytes, and coiled bodies, were visualized by the silver staining. Furthermore, globose-shaped tau deposits from the midbrain of CBD, dystrophic neurites from the perirhinal cortex, and neuropil threads from the presubiculum of AD were DAPI positive, while tufted astrocytes and thorny astrocytes in the gray matter, and coiled bodies in the white matter of CBD were DAPI negative, indicating that DAPI-positivity depends on the type of tau deposits (Fig. S1) . 
Spectral Pattern of DAPI in Tau Deposits and Nuclei
Because DAPI is commonly used to stain nuclei, we investigated the difference in the peak emission wavelength of DAPI in tau deposits and nuclei by lambda scanning. We found that the peak emission wavelength of DAPI after binding to a tau deposit or a nucleus did not show obvious differences ( Fig. 2A and  B) . In addition, we failed to obtain the emission spectra of ThS-tau deposits (Fig. 2C) at the range of excitation wavelength for DAPI illumination (Fig. 2D) .
Concentration-dependent DAPI-positivity of Tau Deposits
ThS and DAPI-double-positivity of tau deposits in AD sections was examined by serially diluting DAPI, displaying it in scatter plots and assessing it using PCC, 34 but MOC is significantly sensitive to background, 26 therefore the PCC value is more stable with change in background, which changed with the DAPI concentration. The colocalization analysis with PCC after staining with 1 or 2 μg/ml DAPI was more suitable for the specific detection of tau deposits (Fig. 3) .
Pretreatment With Formic Acid Reduces the DAPI-positivity of Tau Deposits
We compared the DAPI-positivity of tau deposits after pretreatment with or without 2 μg/ml formic acid and found that formic acid pretreatment decreased the DAPI-positivity (Fig. 4) . This decreased positivity was shown by correlation analysis between DAPI and ThS, where the correlation values of PCC, MOC, and ICQ were reduced from 0.621, 0.764, and 0.302 to 0.102, 0.587, and 0.217, respectively.
Autofluorescence of Lipofuscin
Fluorescent lipofuscin accumulates with age in neuronal cells. Because of the broad fluorescence spectra of lipofuscin, we attempted to reduce lipofuscin autofluorescence to avoid confusing it with DAPI-positivity.
We pretreated brain sections with or without UV for 48 hr and found that the autofluorescence intensity of lipofuscin decreased after UV pretreatment (Fig. S2) . Because proteinase K pretreatment can also remove lipofuscin, 40 we pretreated with proteinase K and found that DAPI still stained tau deposits, even after the successful elimination of lipofuscin (Fig. 5) .
DAPI-positivity of Tau Deposits Is Not Associated With Nucleic Acids
Because DAPI is a fluorescent dye used for DNA staining, DAPI-positivity of tau deposits may indicate an unrecognized presence of nucleic acids. Based on this assumption, we performed nucleic acid elimination prior to DAPI staining. The efficacy of DNase I treatment was validated by the loss of DAPI staining of the nucleoplasm, and the efficacy of RNase A treatment was validated by the loss of EtBr staining of the nucleolus (Fig. S3) . In addition, we used cresyl violet to investigate the efficacy of nuclease on Nissl substance enriched with ribosomal RNA in nerve tissues. 41 We found that the cresyl violet-positivity of Nissl substance and nuclei was preserved in the sections pretreated with DNase I (-)/RNase A (-) or DNase I (+)/RNase A (-), but significantly decreased in the Nissl substance after pretreatment with DNase I (-)/RNase A (+) or DNase I (+)/RNase A (+) (Fig. S4) . Furthermore, in AD sections pretreated with or without nuclease, and then stained with 2 μg/ml DAPI the tau deposits were positively stained by DAPI regardless of the nuclease pretreatment (Fig. 6) .
DAPI-positivity of Tau Deposits Is Independent of Phosphate Moieties
Because phosphate moieties are a DAPI-binding target, [19] [20] [21] we investigated whether the phosphate moieties of tau deposits are a binding site of DAPI. Samples were incubated with HRP-tagged Phos-tag biotin, which binds and masks the phosphate moieties of tau protein via a metal-ion and can be visualized by TSA staining. However, masking phosphate moieties did not diminish the DAPI-positivity of tau deposits (Fig. 7) , suggesting that this positivity is not associated with phosphate moieties.
Discussion
The morphological features of tau deposits are commonly associated with biochemical composition and tau isoform content, including flame-and globose-shapes, and tufted-and thorny-shapes, and the morphological appearance can be assessed microscopically after Gallyas and tau immunohistochemical staining. 42 Flameshaped tau deposits harboring 3R/4R tau isoforms, mostly composed of PHFs, are commonly present in AD, whereas globose-shaped tau deposits harboring 4R tau isoforms, mostly composed of SFs, are predominant in FTDP-17, PSP, and CBD. These tau deposits are all stained by Gallyas silver. [4] [5] [6] [7] [8] [9] Therefore, we studied the distinct DAPI-positivity of tau deposits characterized by tau isoform antibodies and Gallyas silver staining. DAPIpositivity was present in tau deposits from AD, MyD and NBIA cases (containing 3R/4R tau isoforms) and in CBD cases (containing 4R tau isoforms), but not in FTDP-17 and PSP cases (containing 4R tau isoforms). Although, both the heterodimer of 3R and 4R tau isoform and the homodimer of 3R or 4R tau isoform can form amyloidlike tau fibrils, the minor variation in β-sheet structure may lead to varying results of staining with some structurally similar compounds, 43 for example, THK5117-positive globose-shaped tau deposits in PSP, but THK523-negative globose-shaped tau deposits in PSP. 44 It is difficult to differentially stain tau deposits in both PSP and CBD with a single chemical compound. However, ultrastructural studies have shown that the tau deposits in CBD contain both straight and twisted filaments, whereas the tau deposits in PSP consist primarily of straight filaments. 45, 46 In addition, western blotting results have shown distinct trypsin-resistant band patterns of tau protein in both cases. 47 These differences may explain the different positivity of DAPI in both cases. However, we cannot exclude the possibility that other materials cause the DAPI-positivity in the CBD brain. In addition to the DAPI-positivity of tau deposits as described above, we examined DAPI-positivity of other morphological tau deposits including dystrophic neurites, neuropil threads, tufted astrocytes, thorny astrocytes and coiled bodies. The dystrophic neurites and neuropil threads derived from neuronal cells were DAPI positive, while tufted astrocytes, thorny astrocytes and coiled bodies derived from glial cells were DAPI negative, indicating that DAPIpositivity depends on the cellular source of the tau deposits. These findings suggest that DAPI can be used for screening tau deposits. The strict control of DAPI concentration is of prime importance for the specific staining of tau deposits. A previous study has reported that staining with DAPI at concentrations ranging from 0.01-5 µg/ml differentiated between the nucleus and cytoplasm. 48 Similarly, to distinguish tau deposits by DAPI staining, we used serial dilutions of DAPI in combination with ThS, and their colocalization was analyzed by PCC, MOC, and ICQ. Both PCC and MOC are independent of gain, 34 and MOC is sensitive to the image background. Therefore, PCC is more suitable for correlation analysis, so we used PCC to determine the optimal concentration. Using this method, we found that the optimal concentration of DAPI for the detection of tau deposits is 2 μg/ml.
DAPI is a commonly used nucleic acid dye, but it also binds to dimeric tubulin because of its hydrophobicity. 22, 49 In addition, polyphosphate groups provide binding sites that interact with DAPI. [19] [20] [21] Thus, it is necessary to investigate whether the presence of tubulin, phosphate moieties or nucleic acids in tau deposits are the cause of DAPI-positivity. As the absence of tubulin in tau deposits has been reported previously, 50, 51 we examined the other two candidates only by nucleic acid elimination with a nuclease and blocking phosphate moieties with Phos-tag. Phos-tag is a novel phosphate-binding tag used to identify and mask phosphate moieties. The advantage of masking phosphate moieties with Phos-tag is the visualization of masked sites. To improve the masking effect, we used Phos-tag biotin BTL-111 instead of Phos-tag biotin BTL-104 because of its higher sensitivity. 37 Because the broad excitation and emission spectra of lipofuscin may cause false positive staining, we investigated whether the DAPI-positivity of tau deposits was because of lipofuscin and found that the DAPI-positivity was preserved even after the removal of lipofuscin by proteinase K 40 and UV treatment. Recently, pyridinyl-butadienyl-benzothiazole derivatives such as PBB3, and arylquinoline derivatives such as BF158 and 170, have been developed as tau PET tracers. 52 DAPI shares molecular similarity with these compounds in that they all have structures consisting of aromatic chromophores and polar functional groups on the side-chain that forms hydrogen bonds, resulting in hydrophobic interactions with tau deposits. In addition, such compounds have similar staining properties to DAPI, which is reflected in the comparison of their positivity in flame-and globose-shaped tau deposits. 53, 54 Lansoprazole, a proton-pump inhibitor, is considered a potential PET imaging agent for diagnosing tauopathies 54 and it has a structural similarity to DAPI. In addition, THK523, a newly developed arylquinoline-derived tau PET ligand, stained tau deposits in AD, but not in CBD, PSP, or Pick disease. 53, 55 Because the affinity of tau radiotracers to β-sheet structures decreased after pretreatment with formic acid, 36, 37 we compared DAPI-positivity with and without formic acid pretreatment. A decrease in the DAPI-positivity of tau deposits following pretreatment with formic acid indicated that the DAPI-binding sites in the tau deposits may be associated with the presence of β-sheet structures.
In conclusion, DAPI was positive in all 3R/4R isoform tau deposits and partially positive in 4R isoform tau deposits. In addition, DAPI was negative in glial cell-derived tau deposits. This DAPI-positivity of tau deposits was independent of nucleic acids and phosphate moieties, and may depend on the presence of β-sheet structures. Our results suggest that staining with 2 μg/ml DAPI is a common but useful tool for differentially detecting tau deposits in various tauopathies.
